Abstract Rafflesia species are endo-holoparasites of Tetrastigma (Vitaceae) vines. Despite receiving considerable attention because of their rarity, enormous flowers, and fascinating parasitic life style, surprisingly little is known about their host specificity and host preference. This lack of information prevents a better understanding of the evolution of the host-parasite associations and host-focused conservation management of these threatened plants. This study is the first comprehensive analysis of host specificity and preference in Rafflesia. A total of 180 host plants of 11 out of 13 species of Philippine Rafflesia as well as non-parasitized Tetrastigma plants from most areas where Rafflesia species have been found were included in our study. Morphological data and nuclear and plastid DNA sequence phylogenies were used to identify and distinguish Tetrastigma lineages. Our studies provide support for previous claims that Tetrastigma species are the exclusive hosts of Rafflesia. A total of eight lineages of Philippine Tetrastigma were identified of which six are hosts of Rafflesia. Most of these Tetrastigma lineages are hosts of multiple Rafflesia species. In addition, four Rafflesia species parasitize multiple Tetrastigma lineages. The finding that Tetrastigma lineages and Rafflesia species that are relatively common are involved in multiple host-parasite associations suggests that these Rafflesia species are less host-specific than previous studies indicated. However, because some sympatric Tetrastigma species are not among the observed host species, we tentatively conclude that Philippine Rafflesia show at least some degree of host specificity. Host phylogenies suggest that cospeciation might not have occurred in the diversification of Philippine Rafflesia and Tetrastigma.
INTRODUCTION
Parasites are paradigm breakers: they challenge basic concepts in biology, for example, in molecular evolution, speciation, physiology, conservation, and ecology (e.g., Nickrent & al., 2004; Davis & al., 2005; Press & Phoenix, 2005; Barbrook & al., 2006; Vega & al., 2008; Bromham & al., 2013; Molina & al., 2014) . Parasites are therefore valuable subjects for studying the mechanisms of evolution and the origin of biodiversity (Westwood & al., 2010) . However, whereas the evolution of parasitic animals has been comparatively well studied, relatively little is known about parasitic plant evolution (Norton & Carpenter, 1998; Vega & al., 2008; Irving & Cameron, 2009) .
One of the outstanding questions regarding the diversification of parasitic plants is the role of co-evolution with their hosts (Vega & al., 2008) . Although rare, the association between parasites and their hosts can be very specific, with parasites restricted to a single host species. This relationship can be so intimate that speciation of the host can trigger speciation of the parasite (Page, 2003) . Cospeciation can be an important process in the diversification of parasitic and mutualistic animals, fungi and bacteria (e.g., Hafner & Page, 1995; Paterson & Banks, 2001; Hommola & al., 2009; Mikheyev & al., 2010; Maneesakorn & al., 2011) , although there are only a few taxa for which cospeciation has been convincingly demonstrated (Vienne & al., 2013) . Cospeciation has thus far not been demonstrated in parasitic plants. Host-switching is perhaps a more common driver of diversification. It occurs when parasites evolve preferences for species other than their primary host. This can result in the formation of host races (Vega & al., 2008; Norton & Carpenter, 1998; Román & al., 2007) : genetically distinct groups (races) within a parasite species that have different host species. These races may ultimately evolve into different species (Amico & Nickrent, 2009 ). Cospeciation and host-switching are most likely to be detected in the most specialized of parasites (Vega & al., 2008; Mikheyev & al., 2010) for which high host specificity is observed (Norton & Carpenter, 1998) .
Endo-holoparasitic plants live within their host plants and are completely dependent on them for their reduced carbon.
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TAXON 65 (4) • August 2016: 739-758 As a result, they have extremely intimate and specialized associations with their hosts. There are only nine genera of endo-holoparasitic plants (i.e., Apodanthes Poit., Bdallophytum Eichler, Berlinianche (Harms) Vattimo-Gil, Cytinus L., Mitrastemon Makino, Pilostyles Guill., Rafflesia R.Br., Rhizanthes Dumort., Sapria Griff.), of which the Malesian genus Rafflesia (Rafflesiaceae) has the highest number of species (ca. 30; Sofiyanti & al., 2016) . Rafflesia species are parasites of the subtropical and tropical Asian and Australasian vine genus Tetrastigma (Miq.) Planch. (Vitaceae). They only emerge from their hosts to produce their spectacular flowers, which are the largest of all flowering plants, reaching up to 1.5 m in diameter in R. arnoldii R.Br. (Nais, 2001) . Rafflesia has recently been the focus of several research projects in which new species were discovered and described (e.g., Barcelona & al., 2009b Barcelona & al., , 2014 Balete & al., 2010; Mat-Salleh & al., 2010; Galindon & al., 2016) . Molecular phylogenetic studies further revealed that Rafflesia mitochondria contain DNA regions that were obtained from Tetrastigma through horizontal gene transfer (Davis & Wurdack, 2004) and that some of these genes are expressed by the parasite (Xi & al., 2012) . These findings suggest an intimate evolutionary interaction between the parasite and its host. Thus far, however, this relationship has been mainly studied with an emphasis on the parasitic partner in the interaction. Just like in many other genera of non-aerial parasitic plants (Marvier & Smith, 1997) , comparatively little is known about the identity of the hosts of individual Rafflesia species, their host specificity (the number of species in their host range), host-preference (which species are most frequently parasitized), and other aspects of the interaction between Rafflesia and Tetrastigma (Bänziger, 1991) . Such information could be used to improve our understanding of the evolutionary origin of host-parasite relationships by providing data needed for coevolutionary studies.
The paucity of host specificity and preference information for Rafflesia can largely be attributed to the absence of a comprehensive taxonomic treatment of Tetrastigma. This is by itself a daunting task, because of the large number of Tetrastigma species (ca. 95) and their wide distribution (Wen, 2007; Chen & al., 2011a) . In combination, three life history and morphological characteristics of Tetrastigma plants further complicate taxonomic studies and species identification. Firstly, Tetrastigma is dioecious and flowering and fruiting occurs at different times. As a result, original species descriptions (protologues) often lack information about staminate, pistillate or fruiting plants (e.g., for Philippine Tetrastigma species, Merrill, 1914 Merrill, , 1916 . Secondly, the majority of Tetrastigma collections lack flowers or fruits. This is probably because it is often difficult to see the reproductive parts among the dense canopy of the trees upon which Tetrastigma plants climb. Moreover, parasitized Tetrastigma vines rarely produce reproductive structures, possibly because of diverted nutrients or direct interference by the parasite (Nais, 2001) . Thirdly, Tetrastigma species display considerable diversity in leaf morphology, making the identification of sterile specimens very difficult. Even on the same plant, leaves can vary in number of leaflets, their size, shape of the leaflet margin, and texture.
Host specificity studies of Rafflesia are also complicated by their endo-holoparasitic nature: Rafflesia plants are cryptic in the absence of flowers or fruits. Although scars left by Rafflesia flowers on Tetrastigma vines or roots can indicate the presence of Rafflesia, these scars can be easily overlooked. It is therefore not possible to conclude with certainty that a Tetrastigma plant is not infected with Rafflesia.
Most Rafflesia species are rare and endangered (Nais, 2001 ) and the tropical rainforests in which they live are decreasing in size owing to development, logging, and "slash-andburn" agriculture (Nais, 2001; Barcelona & al., 2009b) . These species are thus in desperate need of effective conservation strategies. Knowing the identities of the host species of each Rafflesia species is essential for this, because holoparasitic plants cannot survive without their hosts (Marvier & Smith, 1997; Norton & Carpenter, 1998) . Host-preference information at the population level is also important for conservation management (Marvier & Smith, 1997) , because parasite seedlings might develop better on their maternal host species (i.e., the host species of the maternal parent of the seedling) than on a different host species. Examples include mistletoes such as Phoradendron Nutt. (Clay & al., 1985; Lichter & Berry, 1991) , Arceuthobium M.Bieb. (Parmeter & Scharpf, 1963) and Psittacanthus Mart. (Buen & Ornelas, 2002) as well as Orobanchaceae (Thorogood & al., 2009) .
In this study, we aim to contribute to knowledge of the evolution of the host-parasite associations between Tetrastigma and Rafflesia and the conservation of Rafflesia in the Philippines by determining patterns of host specificity and preference. The Philippine archipelago is home to 13 currently recognized Rafflesia species (Barcelona & al., 2014; Galindon & al., 2016) , all of which are endemic to the country. A total of 11 Rafflesia species were included in our studies and their hosts were collected throughout their distribution range and in most areas from which Rafflesia is presently known. Morphological and DNA sequence data were used to assign parasitized and non-parasitized Tetrastigma plants to putative species (lineages) and to assess the phylogenetic relationships among them and plants included in a previous phylogenetic study of Tetrastigma (Chen & al., 2011a) . We use these data (1) to identify the hosts of Philippine Rafflesia species, (2) to determine if individual Tetrastigma lineages are hosts of more than a single Rafflesia species, and (3) to find out if individual Rafflesia species parasitize more than a single Tetrastigma lineage. In addition, we discuss the implications of our results for determining the role of co-evolution and host-switching in the diversification of Philippine Rafflesia.
MATERIALS AND METHODS
Specimen sampling. -Tissue samples on silica gel and voucher specimens were collected from hosts of all but two currently recognized species of Philippine Rafflesia as well as from Tetrastigma plants that did not show visible signs of infection. The host plants of R. aurantia Barcelona & al. (Barcelona & al., 2009a) were not included in our studies. This species is Version of Record TAXON 65 (4) • August 2016: 739-758 only known from one area, which is remote and was not accessible to us at the time of our study. Rafflesia consueloae Galindon & al. (Galindon & al., 2016) was described after our fieldwork was completed and was therefore also not sampled. A total of 234 host plants from 39 out of the ca. 46 areas from which the 11 selected species of Rafflesia are currently known (Appendix 1) and 91 Tetrastigma plants that did not show signs of infection were included in our study. The number of sampled areas ranged from 11 for R. lagascae Blanco and R. speciosa Barcelona & Fernando, which are the most abundant and widespread species of Philippine Rafflesia, to one for R. leonardi Barcelona & Pelser, R. manillana Teschem., R. mira Fernando & Ong, and R. philippensis Blanco, which are rarer and only known from one to three areas (Barcelona & al., 2009b; David & al., 2011 ; Table 2 ; Appendix 1). During sampling, we confirmed that the host plants of individual Rafflesia plants were correctly determined by tracing the roots and vines of the host plant on which Rafflesia flowers or flower buds were attached to where tissue and a voucher specimen of the host were collected. Voucher specimens of the Rafflesia and Tetrastigma plants that were included in our study are deposited in CAHUP, CANU, CHR, PNH and SIU (Appendix 2).
DNA sequencing. -Because of the difficulties regarding the taxonomic identification of Tetrastigma species outlined in the Introduction, DNA sequence data were generated to enable the identification of lineages of Tetrastigma plants that have morphological as well as genetic similarities and could be considered putative species. For this purpose, we sequenced the atpB-rbcL, psbA-trnH, and trnL-F intergenic spacers and the rps16 and trnL introns of the plastid genome. These plastid regions were selected because they were used in the most comprehensive phylogenetic study of Tetrastigma to date (Chen & al., 2011a) and therefore enabled us to use the Chen & al. (2011a) dataset as phylogenetic context for our study. In addition, the internal transcribed spacer (ITS) region of the 18S-5.8S-26S nuclear ribosomal cistron was sequenced to increase phylogenetic resolution below the species level.
Total genomic DNA was extracted from Tetrastigma leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Valencia, California, U.S.A.) and following the manufacturer's protocol. rps16 , trnL, and trnL-F regions were amplified using the same primers as used by Chen & al. (2011a) in 10 µl reactions that included 1 µl of template DNA, 4 pmol of each primer and either 2× KappaTaq ReadyMix DNA Polymerase (Kappa Biosystems, Wilmington, Massachusetts, U.S.A.) or GoTaq Flexi DNA Polymerase (Promega, Madison, Wisconsin, U.S.A.) using the supplied 5× Green GoTaq Flexi buffer, 3.75 nmol of each dNTP, 25 nmol of MgCl 2 , and 0.4 U of polymerase. PCR conditions for atpB-rbcL, rps16, trnL, and trnL-F were as follows: an initial denaturation of 3 min at 95°C followed by 20 s at 94°C, 30 s at 50°C, 40 s at 72°C for 37 cycles, and a final extension of 5 min at 72°C. The psbAtrnH region was amplified under the following conditions: an initial denaturation of 5 min at 94°C followed by 40 s at 94°C, 30 s at 58°C, 50 s at 72°C for 35 cycles, and a final extension of 5 min at 72°C. PCR amplification of the ITS region (ITS1-5.8S-ITS2) was performed with primers ITSA, B, C and E developed by Blattner (1999) in 15 µl reactions that included 1 µl of template DNA, 6 pmol or each primer, 5× Green GoTaq Flexi buffer, 3 nmol of each dNTP, 37.5 nmol of MgCl 2 , and 0.6 U of polymerase. The ITS region was amplified under the following conditions: an initial denaturation of 5 min at 94°C followed by 30 s at 94°C, 30 s at 58°C, 50 s at 72°C for 35 cycles, and a final extension of 5 min at 72°C. PCR products were purified with the Wizard SV Gel and PCR Clean-Up System (Promega). Cycle sequencing was carried out with BigDye Terminator 3.1 (Applied Biosystems, Foster City, California, U.S.A.) using the same primers as for the PCR amplification. The sequenced samples were run on an ABI 3130xL Genetic Analyzer at the University of Canterbury. Geneious v.6.1.7 (Biomatters, Auckland, New Zealand) was used for trace file editing. Edited sequences are deposited in GenBank (accession numbers KT597084-KT597520). Sequences were manually aligned using the program Se-Al v.2.0a11 (Rambaut, 1996) . Gapcode.py v.2.1 (distributed by Richard Ree, Field Museum, Chicago, Illinois, U.S.A.) was used to code indels as binary characters using the simple indel coding method of Simmons & Ochoterena (2000) . Some indels in alignment regions that were associated with strings of mononucleotides (e.g., poly-A strings) were coded as missing data for accessions obtained from GenBank, because repeat numbers were highly variable and could not be confirmed in the absence of trace files.
Phylogenetic analyses. -Three datasets were compiled for phylogenetic analyses. The first dataset ("plastid") concatenates atpB-rbcL, psbA-trnH, rps16, trnL, and trnL-F and contains a wide selection of Tetrastigma accessions used by Chen & al. (2011a) as well as several other accessions available from GenBank (106 specimens in total), 2 newly sequenced extra-Philippine Tetrastigma species, and newly generated sequences from a subset (53) of Tetrastigma specimens from the Philippines. The latter specimens were selected to represent the diversity in morphology and geographic origin encountered in this genus in the Philippines. The results of phylogenetic analyses of an ITS dataset (see below) were also used to inform specimen selection for the plastid dataset. Phylogenetic analyses of the plastid data were performed to identify lineages of Philippine Tetrastigma and to determine their phylogenetic affinities.
The second dataset ("ITS") is composed of ITS sequences. It contains sequences of 129 Philippine Tetrastigma plants, data of 2 newly sequenced extra-Philippine Tetrastigma species and 9 accessions obtained from GenBank. The study by Chen & al. (2011a) did not include ITS data and therefore there are only a limited number of Tetrastigma sequences available in GenBank that can be used to provide phylogenetic context in the present study. Because the ITS region provides more DNA sequence variation than the plastid regions utilized here, this dataset was instead used to provide greater phylogenetic resolution within the Philippine Tetrastigma lineages that were identified from phylogenetic analyses of the plastid dataset.
The third dataset ("combined") contains data of the same specimens as the plastid dataset. It is composed of all plastid data as well as ITS sequences for specimens for which these data were available. This dataset was compiled after separate phylogenetic analyses of the plastid and ITS datasets indicated the absence of well-supported (> 70% bootstrap support or > 0.95 posterior probability) phylogenetic incongruence. This was done with the aim of using all available data for resolving relationships among Tetrastigma accessions.
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Sequences of Ampelocissus Planch., Causonis Raf., and Cayratia Juss. (all Vitaceae) were used to root the Tetrastigma phylogenies obtained from the plastid and combined datasets. Causonis is the genus that is most closely related to Tetrastigma . Ampelocissus was assigned as outgroup, because it is the most distantly related to Tetrastigma of the three genera. ITS sequences of Ampelocissus and Cayratia could not be unambiguously aligned with Tetrastigma sequences. Therefore, only an accession of Causonis trifolia Raf. ex B.D.Jacks. was used as outgroup for analyses of the ITS dataset.
Maximum parsimony (MP) analyses were carried out in TNT v.1.1 (Goloboff & al., 2008) using the Driven Search option with the default settings for Sectorial Searches (RSS, CSS, XSS), Ratchet, Tree Drifting and Tree Fusing; using 100 initial random addition sequences, and terminating the search after minimum length trees were found ten times. Bootstrap support was calculated with Poisson independent reweighting using 1000 replicates. Bayesian inference (BI) analyses were performed using MrBayes v.3.2.5 (Ronquist & al., 2012) . Prior to the BI analyses, the Akaike information criterion in jModelTest v.2.1.7 (Guindon & Gascuel, 2003; Darriba & al., 2012) was employed to choose nucleotide substitution models for each DNA region. The GTR + G model was used for analyses of the ITS data and the GTR + I + G model was employed for the plastid data. Indel characters were included as "restriction type" data in the BI analyses. These analyses were performed using two independent, simultaneous runs. The Markov chain Monte Carlo analyses (Geyer, 1991) were run with four chains per analysis, temperature settings of 0.001, and one tree saved per 100 generations. BI analyses were run until the average deviation of split frequencies between both simultaneous analyses reached a value below 0.01, indicating convergence. The burn-in values were determined empirically from the likelihood values. Trees were visualized using FigTree v.1.4.2 (Rambaut, 2014) .
RESULTS
Plant collecting. -Of the 234 Tetrastigma host plants that were encountered during our fieldwork, we were not able to make herbarium collections and leaf tissue samples of 54 hosts. The leaves of these plants were positioned too high in the forest canopy to be accessed or observed. Of the 180 remaining host plants, only one was flowering and two were fruiting when collected. Also for apparently non-parasitized plants, flowering and fruiting specimens were infrequently encountered.
Identification of Philippine Tetrastigma lineages. -MP and BI analyses of a plastid DNA sequence dataset were performed to identify lineages of Philippine Tetrastigma that could be considered putative species and to determine the phylogenetic affinities among them and Tetrastigma species included in a previous phylogenetic study of this genus (Chen & al., 2011a) . These analyses resulted in phylogenies in which specimens of Philippine Tetrastigma form eight phylogenetic lineages ( Fig. 1 ) that can be morphologically distinguished from each other ( Table 1) . Four of these lineages are monophyletic and the members of the remaining four are placed in polytomies with non-Philippine specimens or with non-Philippine specimens nested among them. Nearly identical phylogenetic patterns were obtained from the phylogenetic analyses of a combined plastid/ITS dataset (not shown) that contains the sequences of the same specimens that are included in the plastid dataset and any phylogenetic differences between both datasets were not well supported.
Phylogenetic analyses of an ITS dataset that contains very few non-Philippine specimens, but a much larger number of Philippine specimens than the plastid and combined plastid/ ITS datasets ( Fig. 2) , were used to provide greater phylogenetic resolution within the eight Philippine Tetrastigma lineages that were identified in the plastid cladograms ( Fig. 1) . Some of the lineages could be tentatively identified to species using morphological descriptions in protologues, other taxonomic literature, and online images of type specimens. Other lineages, however, could not be assigned to species with certainty. This was either because of a lack of information in the literature about the diagnostic characters of morphologically similar species or because these characters could not be observed in our specimens (e.g., specimens without staminate or pistillate flowers, or fruits). These lineages were assigned provisional names or tag names. Photos of representative specimens of each lineage can be viewed on the PhytoImages website (Nickrent & al., 2006) .
Philippine Tetrastigma specimens collected by others and included in previous studies (Chen & al., 2011a, b; grouped together with the specimens that were collected for the present study, although some were assigned different species names by the authors of those studies. Unfortunately, herbarium voucher collections of some of these specimens could not be located in US or in herbaria in the Philippines. It was therefore not possible for us to verify their identifications. The Tetrastigma identifications are further discussed in the Electr. Suppl.: Appendix S1.
General distribution of Philippine Tetrastigma. -Of the eight Philippine Tetrastigma lineages that were encountered during our studies, seven were widespread and found in all three main regions of the Philippines: Luzon, Visayas, Mindanao (Table 1) . Tetrastigma aff. glabratum (Blume) Planch., Chen & al. (2011a) . Rafflesia species that parasitize Tetrastigma lineages are indicated for each lineage. Table 2 ). Seven of the 11 Rafflesia species included in our study were only found to parasitize a single Tetrastigma lineage. These were all relatively uncommon Rafflesia species that are currently only known from one to three areas (R. baletei Barcelona & Cajano, R. leonardi, R. manillana, R. mira, R. philippensis, R. schadenbergiana Göpp. ex. Hieron., R. verrucosa Balete & al.) . Four Rafflesia species were collected from two or three host lineages. These are the three most common Philippine Rafflesia species (R. lagascae, R. lobata R.Galang & Madulid, R. speciosa) and R. mixta Barcelona & al. Between 67% and 83% of the plants parasitized by each of these Rafflesia species belonged to the primary host lineage (i.e., the most commonly parasitized host lineage of an individual Rafflesia species) and between 2% and 33% of the individual host plants of these four Rafflesia species were of secondary host lineages (i.e., host lineages of individual Rafflesia species that are less frequently parasitized than the primary host lineage; Table 2 ).
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Sympatry. -Parasitized primary and secondary host lineages co-occur in 36% (R. lagascae) to 82% (R. speciosa) of the areas in which the four Rafflesia species that parasitize multiple Tetrastigma lineages are found (Appendix 1). In up to 36% (R. lagascae) of the areas, primary and secondary host lineages were sympatric, but only one of these host lineages was found to be parasitized. Rafflesia species were also commonly found to be sympatric with Tetrastigma lineages that were never found to be parasitized by them (Table 2 ; Appendix 1). This is best illustrated by R. lagascae, which is sympatric with all eight Tetrastigma lineages that are documented in this study (Table 2) , although it was only observed to parasitize three of them.
Sympatric Rafflesia species were only found in four of the areas that we visited. Rafflesia lagascae and R. leonardi both grow in Bolos Point (Cagayan Prov.), R. lagascae and R. philippensis are found in close vicinity at Mt. Banahaw (Quezon Prov.), and R. lobata and R speciosa co-occur in the Aningalan/ Cabladan (Antique Prov.) and Camandag/Alimodian (Iloilo Prov.) areas. In one of these areas (Bolos Point), both Rafflesia species parasitize the same host lineage (T. loheri s.l.), whereas in the three other areas the host ranges of the sympatric Rafflesia species are not overlapping.
Phylogenetic host specificity patterns. -Most main clades of the plastid DNA phylogenies contain specimens of Philippine Tetrastigma and those parasitized by Rafflesia do not form a monophyletic group (Fig. 1) . In addition, Tetrastigma lineages that are parasitized by the same Rafflesia species do not form monophyletic groups to the exclusion of species that were not observed to be parasitized. For example, the three host lineages of R. lagascae (T. ellipticum s.l., T. loheri s.l., T. sp. A) are each more closely related to Tetrastigma lineages that were not identified as hosts of R. lagascae than to each other (Fig. 1) .
Some of the parasitized Tetrastigma lineages are composed of clades that are formed by accessions from the same region. For example, one of the three main clades of T. cf. magnum Merr. contains all specimens from the Visayas (Panay and Negros) that were included in our analyses, whereas a second clade is composed of all specimens from Luzon, and a third clade is made up of specimens from Mindanao (Fig. 2) . Although less well resolved, similar biogeographical patterns can be observed in T. loheri s.l. and Tetrastigma sp. A. In some of these lineages, clades also appear to align with different Rafflesia species. For example, the Visayan T. cf. magnum clade contains all specimens of this lineage that are parasitized by R. speciosa, the Luzon clade is parasitized by R. baletei and R. philippensis, and the Mindanao clade contains the hosts of R. mira.
DISCUSSION
Parasitic plants show large differences in host specificity (Norton & Carpenter, 1998) . For example, Mitrastemon (Mitrastemonaceae) shows little host specificity and parasitizes hosts belonging to various plant orders (Meijer & Veldkamp, 1993; Nickrent & al., 2004) , Alepis flavida Tiegh. (Loranthaceae) primarily parasitizes Nothofagaceae species (Norton & Carpenter, 1998) , Cytinus (Cytinaceae) show host specificity at the level of infrageneric sections of their host species (Vega & al., 2008) , and Epifagus virginiana (L.) W.P.C.Barton (Orobanchaceae) is only known from Fagus grandifolia Ehrh. (Musselman & Press, 1995) . Most parasitic plants, however, have more than a single host. Those with a relatively narrow host range often have a single "preferred" host species (i.e., primary host) in addition to a few host species that are less commonly parasitized (i.e., secondary hosts), and even generalist parasites usually prefer some host species to others (Marvier & Smith, 1997; Norton & Carpenter, 1998) . Host-preference can, however, be different in different parts of the distribution area of a parasite (Clay & al., 1985) and some taxa that are host generalists at the species level can be specialists at the population or regional level (Norton & Carpenter, 1998 and references therein).
Studies of host specificity of Philippine Rafflesia species are complicated by widespread habitat destruction. Only an estimated 7% of natural forest cover of the Philippines remains (Ong & al., 2002) and this means that with the local extinction of Rafflesia populations due to the destruction of their habitat also particular host-associations might have been lost. This is exacerbated by the fact that 8 out of the 11 Philippine Rafflesia species that were included in our study are rare and known from only one to three areas (sometimes from very few host plants), consequently resulting in low sample sizes for those species (Appendix 1). (Meijer, 1997; Nais, 2001; Barcelona & al., 2009b) , although never before studied with a dataset as large as that used in the present study (i.e., from 180 host plants), our findings suggest that Rafflesia exclusively parasitizes species of Tetrastigma. Members of other Vitaceae genera were found to be sympatric with Philippine Rafflesia (particularly Ampelocissus, Causonis, and Cayratia), but were never observed to be parasitized. Therefore, at the genus level, Rafflesia appears to be very host-specific.
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Host specificity and preference at the species level. -Our study resulted in a better characterization of the host lineages of each species of Philippine Rafflesia than previously available. However, pending a comprehensive taxonomic revision of Tetrastigma, our identifications should only be considered preliminary. Even though our approach allowed us to identify Tetrastigma lineages that can be morphologically and genetically distinguished from each other (Table 1 ; Figs. 1, 2), future research might show that these lineages are actually species complexes that can be further resolved. Because of considerable morphological variation among plants of T. loheri s.l. in, amongst others, the size, shape, length/width ratio, margin, and venation of their leaflets, this lineage is a prime candidate for such studies. This lineage, as well as T. ellipticum s.l., contains sympatric plants that are placed in different well-supported clades and thus have different phylogenetic affinities (Figs.  1, 2) . Future studies might therefore prove that these lineages consist of more than a single species.
Our findings indicate that Philippine Rafflesia species are less host-specific than what could be concluded from previous, largely incidental, reports (as summarized in Barcelona & al., 2009b) . In fact, we did not find any exclusive RafflesiaTetrastigma associations. Four Rafflesia species (R. lagascae, R. lobata, R. mixta, R. speciosa) parasitize multiple host lineages. Likewise, six out of the eight Tetrastigma lineages encountered are host to Rafflesia and five of these are host to more than one Rafflesia species (Table 2) . Although the relative abundance of Philippine Tetrastigma lineages was not quantified in our study, it appears that most Tetrastigma lineages that are not known to be parasitized by Rafflesia and those that are only parasitized by a single species are relatively rare in the Philippines (Appendix 1). Similarly, Rafflesia species that are only known from a single host lineage are also the rarest species of this genus in the Philippines (Table 2 ). This might suggest that the potential host ranges of some Philippine Rafflesia species could be larger than what is determined in the present study. Alternatively, this could mean that rare Rafflesia species are rare because they are very host specific and their hosts are rare. The latter seems unlikely, however, because all of the rarest Philippine Rafflesia species are known from host species that are common and found throughout the Philippines (Tables 1, 2) .
Rafflesia species are typically sympatric with Tetrastigma lineages that are not within their observed host range. In addition, Philippine Rafflesia species that infect multiple hosts are more commonly found on some Tetrastigma lineages than others (Table 2 ; Appendix 1). This might suggest that Rafflesia species have some degree of host specificity and preference. Overall, T. loheri s.l. is the most common host of R. lagascae and R. lobata. This species was identified as the host of these Rafflesia species in 77% and 83% of all observed host-parasite interactions ( Table 2 ). The other host lineages (T. sp. A, T. ellipticum s.l.) were much less frequently recorded as hosts of R. lagascae and R. lobata (21% and 2%, 13% and 4%, resp.; Table 2 ). Similarly, most R. speciosa parasitize T. cf. magnum (70%), but this species has also been found on T. harmandii (30%). At the local level, host-preference appears to depend on the local abundance of individual Tetrastigma lineages and the primary and secondary hosts of a Rafflesia species might vary between areas. Rafflesia species typically parasitize the most common Tetrastigma lineages in their vicinity. For example, although not quantified in the present study, we noted that T. cf. magnum is much more common in the Igbaras area than T. harmandii and is also more frequently parasitized by R. speciosa. The reverse pattern was found in nearby Miag-ao, where T. harmandii is more common than T. cf. magnum (Appendix 1). This pattern has also been observed in other plant parasites and might indicate that their populations adapt to host species that are locally abundant (Atsatt, 1983) . In this context, although secondary hosts may be important in maintaining genetic variation within parasite populations, common primary hosts are needed to sustain these populations (Norton & Carpenter, 1998 ).
An alternative hypothesis to explain the observed differences in how often individual Tetrastigma lineages are parasitized by particular Rafflesia species should also be considered. Most Tetrastigma plants in an area do not appear to be parasitized by Rafflesia even if they belong to the locally most common host lineage. The observation that Rafflesia species are usually found on locally more common Tetrastigma lineages and are not observed to parasitize lineages that are relatively rare might therefore even be expected if Rafflesia species could not discriminate between Tetrastigma lineages. In other words, because parasite abundance is relatively low compared to host abundance, the probability that a parasite is observed on a rare host might be extremely small and this association might therefore have remained undetected during our studies. Although our present data do not allow us to conclusively reject this hypothesis, we think that it is more likely that Rafflesia species have at least some degree of host specificity and preference. Perhaps this is best observed in the three areas where two Rafflesia species with non-overlapping host ranges are sympatric (Mt. Banahaw, Camandag/Alimodian, Aningalan/Cabladan). In these areas, one Rafflesia species and its potential host lineages are much less common than the other species and its host lineages. For example, R. philippensis is common in the Mt. Banahaw area and so is its exclusive host, T. cf. magnum (Appendix 1). In contrast, R. lagascae is only known from a single T. loheri s.l. host plant in the Mt. Banahaw area and this lineage is much less common (Appendix 1). This might suggest that R. lagascae has adapted to T. loheri s.l. and the other lineages in its host range, perhaps in an area where these lineages are more common, and that the low abundance of these hosts in the Mt. Banahaw area prevents R. lagascae from being as abundant as it is in other areas.
TAXON 65 (4) • August 2016: 739-758 In summary, although we tentatively conclude from our data that Philippine Rafflesia show a degree of host specificity and host preference at the species level, quantitative surveys are needed to determine if sympatric Tetrastigma species are statistically less frequently or more frequently parasitized than can be expected in the absence of host specificity and preference.
Evolution of host-parasite associations in Philippine Rafflesia. -Cospeciation of parasites and their hosts has thus far not been demonstrated in plants. Because it requires high host specificity, cospeciation would be most likely detected in highly specialized parasites (Norton & Carpenter, 1998; Vega & al., 2008; Mikheyev & al., 2010) and endo-holoparasitic plants such as Rafflesia are therefore suitable study systems. Our results, however, show that Philippine Rafflesia are not highly host-specific. Although Rafflesia species have only been observed to parasitize Tetrastigma, the most common species of Philippine Rafflesia are parasites of two or three Tetrastigma lineages and these are relatively distantly related to each other (Figs. 1, 2) . Cospeciation in these lineages therefore seems unlikely, because a speciation event in one of the hosts would not likely result in speciation in a parasite that already has the ability to infect several other hosts (Norton & Carpenter, 1998) . In addition, the phylogenetic relationships between host-lineages do not show patterns that suggest cospeciation. Such a pattern would show sister-group relationships between Tetrastigma lineages that are each parasitized by different species of Rafflesia. If these Rafflesia species were also sister, and if the timing of the speciation events in the most recent common ancestors of both species for the hosts and parasites coincided, then this pattern would be compatible with cospeciation. However, we did not identify in our study sister-group relationships between parasitized Philippine Tetrastigma lineages. Our findings therefore suggest that cospeciation might not have occurred in the diversification of Philippine Rafflesia and Tetrastigma.
That being said, some of the lineages of Philippine Tetrastigma are composed of clades that align well with different Rafflesia species (e.g., T. cf. magnum, Fig. 2) . If future studies would show that these clades represent different Tetrastigma species, then these patterns might be compatible with cospeciation. However, considering that these clades also align with different regions in the Philippines and Rafflesia species are endemic to these regions, they might instead be biogeographic in origin. As well as further studies aimed at clarifying species delimitation in Tetrastigma, phylogenetic studies of Philippine Rafflesia need to be carried out to then allow cophylogenetic analyses to be conducted. Such studies are needed to more conclusively determine if Rafflesia and Tetrastigma species have cospeciated. Thus far, only four species of Philippine Rafflesia have been included in phylogenetic analyses and the relationships between them are poorly resolved and supported (Bendiksby & al., 2010) .
Host-switching might have been an alternative driver of diversification of Philippine Rafflesia. This mode of speciation would, however, also require high host specificity, because it relies on reproductive isolation between parasites that have colonized a new host species and those that are growing on the ancestral host species. Because the most common Philippine Rafflesia species parasitize multiple hosts, host-switching would not appear to have resulted in parasite speciation in these lineages. Future work aimed at studying genetic differentiation between conspecific Rafflesia plants that have parasitized different host lineages might reveal if these host-related Rafflesia groups are genetically distinct from each other and therefore might be incipient species.
Conservation of Philippine Rafflesia. -Ten of the 13 species of Philippine Rafflesia have only been found in one to three locations (Table 2 ) and some of them are only known from a handful of host plants. In addition, their habitats are under continuous threat by illegal logging and slash-and-burn agriculture, although some species are found within Protected Areas (Barcelona & al., 2009b) . As far as we are aware, hostfocused conservation management of Philippine Rafflesia has only taken place for R. schadenbergiana, a species that is currently only known from two host plant individuals. As part of the conservation strategy for this species, rooted cuttings of Tetrastigma were planted in the vicinity of one of the host plants in an attempt to increase host availability. Our host specificity and preference data can contribute to this and other host-based conservation efforts by providing site-specific hostrange information. These data are important, because parasite seedlings might develop better on the same host species that their maternal parent grew on than on a different host species (Parmeter & Scharpf, 1963; Clay & al., 1985; Lichter & Berry, 1991; Buen & Ornelas, 2002; Thorogood & al., 2009) . Similarly, host specificity and preference data can be used to assess local host-availability in areas where Rafflesia species are under threat. Finally, because Rafflesia plants are very difficult to find when their flower buds, flowers or fruits are absent, information about the identity of potential host plants might allow conservationists to identify potentially infected host plants more easily. (4) T. sp. A (3) Unknown (5) -Carranglan, Nueva Ecija T. loheri s.l. (10) T. ellipticum Merr. s.l. (1) Unknown (1) -Maria Aurora, Aurora T. loheri Gagnep. s.l . (2) -Aurora Memorial National Park, Aurora T. loheri s.l. (7) -Mt. Mingan, Aurora T. loheri s.l.
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